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Abstract

Completion of cased and cemented wells by shaped-charge
perforation results in damage to the formation, which can
significantly reduce well productivity. Typically,
underbalanced conditions are imposed during perforation in an
effort to remove damaged rock and shaped-charge debris from
the perforation tunnel. Immediately after the shaped-charge jet
penetrates the formation, there is a transient surge of fluid
from the formation through the perforation and into the well
bore. Experimental evidence suggests that it is this transient
pressure surge that leads to the removal of damaged rock and
charge debris leaving an open perforation tunnel.

We have developed a two-stage computational model to
simulate the perforation process and subsequent pressure surge
and debris removal. The first stage of the model couples a
hydrocode with a model of stress-induced permeability
evolution to calculate damage to the formation and the
resulting permeability field. The second stage simulates the
non-Darcy, transient fluid flow from the formation and
removes damaged rock and charge debris from the perforation
tunnel. We compare the model to a series of API RP43 section
4 flow tests and explore the influence of fluid viscosity and
rock strength on the final perforation geometry and
permeability.

Introduction

Shaped-charge perforation is often used to complete cased
wells. Detonation of a shaped-charge creates a high-velocity
(~7000 m/s) jet of metal particles that penetrates the well
casing and the adjacent formation. The jet leaves a path of
debris consisting of crushed rock and metallic particles while
generating a shock wave that propagates outward through the
formation. The shock wave damages rock surrounding the
perforation, resulting in a region with altered permeability."”
Typically, prior to shaped-charge detonation, the wellbore
pressure is reduced to below the pore pressure in the reservoir
(underbalanced) to promote a transient pressure surge and
high velocity flow through the perforation and adjacent region
of the formation. The underbalance-induced surge results in
partial removal of debris and damaged rock from the
perforation, leaving an open tunnel surrounded by a zone of
damaged rock. Experimental results suggest that this removal
of debris and damaged rock occurs on a time-scale of
milliseconds.’

A variety of models have been proposed to simulate
different stages of the perforation process and provide
estimates of the post perforation permeability of the damaged
zone. Pearson and Zazovsky' developed a model of the
transport of sand grains through the perforation tunnel to the
well bore to demonstrate the minimum underbalance required
to remove debris from the perforation tunnel. Arora and
Sharma* modeled the migration of fines within the formation
and calculated their influence on the post-perforation
permeability of the damaged zone. Additional efforts have
aimed at understanding the three-dimensional flow geometry
near perforations under downhole conditions.”®. While these
models address different asnects of the nerforating nrocess.

they all assume an initial perforation tunnel geometry and
permeability distribution within the surrounding rock. We
present a model that explicitly calculates both the permeability
distribution and the final post surge geometry of the
perforation tunnel in Berea sandstone. Our model consists of
two sequential stages: 1) jet penetration of the casing and rock
formation and 2) underbalanced-induced pressure surge and
debris removal. We compare measured perforation tunnel
geometries and core-flow efficiencies (CFEs) for a series of
API RP43 section 4 flow tests in Berea sandstone cores to
simulated estimates for the same underbalance conditions.

Model Description

We have developed a two-stage perforation model to
investigate the relative importance of the parameters that
influence perforation tunnel geometry and the final
permeability distribution surrounding the perforation tunnel.
The first stage couples a hydrocode used to simulate
mechanical deformation of the rock caused by the shaped-
charge jet with a model of stress-induced alteration of the rock
permeability. This model thus provides a detailed map of the
permeability distribution in the formation prior to the onset of
flow from the formation that is based upon independently
measured rock properties. The second stage solves for the
transient flow of fluid from the formation and the resulting
removal of damaged rock from the perforation tunnel. Because
the time scale of the jet penetration and shock wave
propagation is considerably smaller than the time scale for
equilibration of post-perforation fluid pressures, these
processes are simulated sequentially. Furthermore, the models
assume radial symmetry and thus solve the problems in two
dimensions (Fig. 1).

Hydrocodes used to simulate shaped-charge perforations
can provide estimates of the extent of the damaged zone, but
do not typically provide estimates of the post-perforation
permeability distribution within the damaged formation.
Morris et al.’ presented a model for predicting the evolution of
the porosity and permeability of Berea sandstone undergoing
low-strain-rate deformation. We modify their model to
accommodate the high-strain-rate conditions encountered
during jet perforating and incorporate this modified porosity-
permeability model into a hydrocode used to simulate jet
penetration.8

Morris et al. used an elastic-plastic material model.*’ to
determine the stress-strain response of Berea sandstone and
quantified the total porosity as the sum of incipient porosity
and dilatant porosity. They assumed that changes in
permeability result only from alterations in the incipient
porosity (see Appendix A for details). The model
demonstrated good agreement with low-strain-rate
experimental measurements presented by Zhu and Wong.'’

To extend this approach to the high-strain-rate conditions
that occur during jet perforating we assume the fluid does not
have time to flow in response to porosity changes. Thus, the
fluid is confined within individual pores and local fluid
pressure responds to changes in pore volume. This limit may
be thought of as corresnonding to an undrained exneriment.
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An increase in pore pressure results in a reduction in the
effective stress and consequently the apparent confinement
and strength of the rock is reduced. This high strain rate
approach is presented in Morris et al."'

Morris et al.” assumed that although the dilatant porosity
may be connected it does not make a substantial contribution
to flow. This is consistent with the dilatant porosity having
poor connectivity or higher surface area to volume ratio.
Using this approximation, the experimentally measured
porosity is the sum of the surviving incipient porosity and
induced dilatant porosity. However, only the incipient porosity
contributes to flow, resulting in a model for permeability that
is related to incipient porosity, effective stress history, and a
damage variable (see Eq. Al12). Due to the lack of
experimental data regarding stress-induced permeability
alteration in anisotropic media, the current model assumes an
isotropic permeability field.

Fig. 2 shows an example of the permeability field that
results from simulating jet penetration of a core of Berea
sandstone. The permeability of the debris in the damaged zone
is reduced by several orders of magnitude. However, this
material has also been considerably weakened due to grain
fragmentation, and will likely be removed from the perforation
tunnel during the post-perforation pressure surge.

Upon penetration of the formation, underbalance causes a
transient expansion of the higher-pressure fluid in the
formation and flow towards the opening created in the well
casing by the jet. This results in large pressure gradients
immediately after perforation in which inertial forces likely
play a significant role.'>">. We solve for the transient pressure
distribution within the formation using

v B O 1)

kot
which assumes a slightly compressible fluid where f; is the
fluid compressibility u is the dynamic viscosity, ¢ is the
porosity and £ is the local permeability. Because inertial terms
may be important, especially at early times, we use the
Forchheimer equation,

~VP - l(ﬂ + B|ﬁ|)ﬁ, ...................................... 2)
p\k

to represent P in solving (1) for the pressure distribution,
where p is the fluid density and B=1.1116x10"%/k'"’ is the
empirically derived coefficient of inertial resistance,” which
accounts for the increasing importance of inertial forces at
higher fluid velocities. At low fluid velocities, (2) reduces to
Darcy’s equation. We use a centered-in-space, backward-in-
time finite difference scheme to solve (1) during the post-
perforation surge. Adaptive time stepping ensures small
changes in P and k between time steps.

Removal of damaged rock from the tunnel walls occurs
during the initial pressure surge and is determined locally by
the magnitude of the pressure gradient within each grid block.
The threshold for removing damaged rock is a combination of
the tensile and shear strength of the damaged rock. We assume
that the tensile strength of the rock surrounding the perforation
is considerably smaller than the shear strength. Thus, if in any
time-s4tep the local pressure gradient exceeds the critical
value,

we assume that the damaged rock in that grid block is
loosened from the wall and eventually swept from the
perforation tunnel. This assumes that once material is loosened
from the tunnel wall, there is adequate flow velocity in the
perforation tunnel to carry the debris to the wellbore, or if not,
that the permeability of the loose debris is sufficiently high
that it does not significantly impede flow through the
perforation tunnel. o is the tensile strength of the rock and a is
a characteristic grain diameter of the rock along the tunnel
wall, which we estimated to be 0.1 mm for the simulations
presented in this paper.

The plastic strain experienced by a material element during
the hydrocode simulation provides an indication of the
damage sustained by that element. We relate the local tensile
strength of the rock, o, to the plastic strain (¢,) that the rock
was subjected to during jet penetration,

where 0, is a reference value for undamaged rock. We use a
value of 0.01 GPa for the simulations in Berea sandstone
presented in this paper. Once VP, is exceeded, solids are

removed from the element over a time scale of Ax/ |v| and k

increases linearly from %, to k.. Fig. 3 shows the evolution
of permeability and pressures within the simulated core during
the post-perforation pressure surge.

Initially the fluid in the reservoir is at a uniform pressure
and the perforation tunnel is completely filled with damaged
rock and charge debris. Flow is then initiated by setting the
well bore pressure to the desired underbalance (750 psi for this
example). Debris is removed axially along the length of the
tunnel until local pressure gradients are insufficient to
overcome the required yield stress. At steady-state there is a
slightly wider damaged zone near the well bore which results
in substantially larger pressure gradients near the tunnel
entrance. Conversely, the tip half of the tunnel has a thinner
damaged zone but smaller pressure gradients.

We calculated local mass fluxes to investigate the
influence of axial variability in the extent of the damaged zone
and the magnitude of pressure gradients on flow to the
perforation tunnel. Fig. 4 shows steady-state mass flux in the
region surrounding the perforation tunnel for perforations at
750-psi and 3000-psi underbalance. For the 750-psi case, the
large damaged zone observed in Fig. 3 remains intact and
impedes flow into the tunnel near the entrance despite larger
pressure gradients in this region relative to the tip. Conversely,
the additional removal of damaged rock from near the
entrance at 3000-psi underbalance results in larger mass fluxes
near the tunnel entrance than near the perforation tip. This
change in flow regime from low to high underbalance is in
part due to the pressure boundary conditions applied during
the simulations. As with API RP43 section 4 flow tests, we
prescribe uniform constant pressure boundary conditions
along the length of the core. Thus, underbalances that are
sufficiently high to remove the damaged rock surrounding the
tunnel entrance result in larger pressure gradients and more
flow in this region. However, under downhole conditions, the



presence of multiple perforations and the three-dimensional
geometry of the flow field will result in a pressure field that
favors flow to the perforation tip.>® This suggests that
enhanced CFEs observed at high underbalance may
exaggerate the actual productivity of perforations under field
conditions.

Comparison of Computational and Experimental
Results

We test the two stages of our model through comparisons with
results from a series of API RP43 section 4 flow tests on cores
of Berea sandstone at underbalances ranging from 750 psi to
3000 psi. The 0.178 x 0.394 m (7 x 15.5 in) cores were cut
perpendicular to the bedding planes resulting in axial
permeabilities of ~125 mD and cross diameter permeabilities
of ~55 mD. These tests provide a bulk measurement of the
change in permeability of the core resulting from perforation.
After completion of the flow tests, the cores were scanned
using high-resolution x-ray CT techniques."”. This provided
detailed three-dimensional images of the geometry of the
perforation tunnels and the locations of any remaining charge
debris within the perforation tunnels. Fig. 5 compares open
tunnel radius plotted against tunnel length for the experiments
and simulations. The simulated perforation tunnels exhibit
similar characteristics to the experimentally measured tunnels:
they decrease in radius towards the tip and larger underbalance
results in larger tunnel radii, particularly near the well bore.
The radii of the simulated perforation exhibit a stronger
dependence on underbalance than the experiments. This may
in part be due to the form of Eq. 4, which has not been
independently verified. In addition, the radii of the simulated
tunnels vary more smoothly than the experiments, which may
be due to layering in the rocks resulting in local variability in
o; and k that are not represented in the model. Though there
are discrepancies between the simulations and experiments, it
is encouraging that a model largely based upon independently
measured rock properties can provide reasonable predictions
of physical experiments.

To further evaluate the capability of the simulations to
predict experimental observations, we compare the CFEs
calculated for the experiments to the simulated CFEs (Fig. 6).
CFE is calculated as the ratio of the permeability of the
perforated core to the permeability of a core with the same
perforation tunnel geometry with no damage (i.e. k=k,). For
medium to high underbalances, the simulations predict CFE
values reasonably well, but at low underbalance, the simulated
CFEs significantly underestimate experimental values. This
may result from the nature of debris filling the tunnel. X-ray
CT scans of the tunnels show metal charge debris plugging the
tip of the perforation tunnel in each of the experiments'”. The
remaining volume of metal decreases with increasing
underbalance, however, for the 750-psi underbalance core,
there was an annulus surrounding the metal plug through
which fluid can enter the tunnel. This flow conduit, which was
not observed at higher underbalances, may be the cause of the
large measured CFE for the 750-psi experiment. While the
hydrocode tracks different material during the perforation
process, the permeability and rock strength models do not
differentiate between damaged rock and metal charge debris.
Thus. the simulations cannot renlicate the variable influence of

the metal debris at the tip of the perforation tunnel.
Enhancement of the computational model to incorporate
models for both materials (damaged rock and metallic charge
debris) may help to gain new insights on the influence on
CFEs of metal plugging the perforation tip.

To explore the role of fluid and rock properties on post-
perforation tunnel geometry and CFE we conducted a series of
simulations in which we varied the tensile strength of
undamaged rock and the fluid viscosity. Fig. 7 shows CFEs
measured for simulations in which we doubled and halved the
values of g, and u used for the base simulations presented in
Fig.6. Values of o, and the details of the model chosen to
represent rock strength surrounding the perforation tunnel
strongly influence calculated CFEs. At lower underbalances,
doubling o, results in CFEs that are less than half of those
estimated for the base simulations. However, changes in
viscosity, which influence the rate of dissipation of the
underbalance-induced pressure gradients have a negligible
influence on calculated CFEs.

Conclusions

* Creation of perforation tunnels and the subsequent clean
up by underbalance-induced pressure surge in sandstone
can be predicted reasonably well with a sequential model
that first simulates jet penetration and permeability
alteration followed by simulation of the transient non-
Darcy pressure surge.

*  Simulations suggest that at low underbalance, most of the
flow to perforation tunnels occurs toward the tip end of
the tunnel, whereas at high underbalance, flow to the
perforation tunnel is greater near the tunnel entrance.
Thus, high CFEs measured at large underbalance may
overestimate the increased productivity of a perforation
under downhole conditions.

¢ Small changes in tunnel radius induced by variability in
rock strength may lead to small alterations in the
thickness of the damaged, zone and thus, significant
variability in CFE estimates.
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Appendix A

Here we present a summary of the relevant details of the
porosity-permeability model under quasistatic deformation
presented by Morris et al.”'' The evolution of the incipient
porosity, which is used to calculate permeability, is described
as

D, —04/(‘1)1 —((D* +CP*))/H for o <P.,

¢/ = (A1)
®.+Co,, otherwise,
where,
0,=(0,+0,+0,)/3-P, =P —P, ...cc..coceu...... (A2)

The material constants, ®,, C, P., and ®. along with other
values specific to Berea sandstone are provided by Morris et
al.” Large hydrostatic loads and non-hydrostatic loads can lead
to grain crushing leading to additional reduction in porosity
and permeability. To account for formation damage, Morris et
al.” devised an adjustment to (A1),
_dilow)
o; T DR RUU UL RRUR R (A3)

where D evolves according to

D=cé, min(aeﬂ,Ps J+

cH (Oeff =L )H (th ~9e )<""’>

where ¢, and c; are constants, &, is the plastic strain, and v is
the trace of the velocity tensor (positive indicates expansion).
H is the Heaviside function and {x)=xH(x). The first source
term increases damage in response to plastic strain. The
second term causes damage in response to reductions in
volume at high hydrostatic loads and P; and Pj,;, are the lower
and upper bounds on the effective mean stress for which this
damage term is active. The parameters in Table Al were
found to give good agreement with experiment.’

We extend this approach to dynamic problems by

representing the incipient porosity (¢;) as the sum of pore

volume that would open under static conditions (¢f) and pore

volume that is forced open by the expanding fluid. This results
in

max ef >

oL =D, - 2L (q>, ~ 5ot D)) ....................... (AS)
eff

where 0,7 is the maximum effective stress over the history
of the material element. The form of (A5) ensures continuity
between the fluid porosity during loading and unloading and
causes the fluid porosity to return to the reference value when
the effective mean stress is zero. The fluid porosity is then
given by:

N max
~ ¢;, foro,>oy

1 max

R
¢,, foro, <oy

For the dynamic case, pore pressure is not prescribed
externally and we introduce an extra equation to close the
system and solve for the pore pressure:

P, = L<Sq" - 1> .......................................... (A7)
By \ o/

where K is the fluid bulk modulus, J is the ratio of current and
reference specific volumes of the mixture, and S is a saturation
parameter (assumed constant during dynamic experiments).
Equation (A7) was derived assuming that the pore fluid is
confined and obeys a linear equation of state. Eq. A7 refers to
the fluid porosity, so Pp must be eliminated from (A7) and
(A6) to obtain the fluid porosity. Regardless of which portion
of Eq. A6 applies, ¢y is linear in o, The intersection between
(A7) and a straight line:




Oy o (A8)
¢, = (¢* + \/¢f ~4£S, /(B,J) ) /2 ....................... (A9)
where
¢ =F+EQP, +1/B,) ool (A10

)

Back substitution into (A6) yields the effective mean stress.
Morris et al.®obtained good agreement with
experimentally measured permeabilities using

k= k.exp{K 9,(0,,.D) - Dmin(D.D" )} ... (Al1)

Nomenclature

a = characteristic grain diameter (m)

B = Forchheimer coefficient (m™)

Ccj, C2= damage evolution constants

C = incipient porosity reduction rate (Pa)

D = damage factor

D™ = maximum damage factor

E = incipient porosity increase rate (Pa™)

F = incipient porosity intercept

J = ratio of specific volumes

k = permeability (m?)

k« = initial permeability (m?)

k, = initial post-perforation permeability (m”)
Komar = maximum permeability after clean up (m?)
K, = permeability-porosity exponent

P = pressure (Pa)

VP, = critical pressure gradient (Pa/m)

P, = pore pressure (Pa)

P,, = mean stress (Pa)

Pj,;= minimum pressure for hydrostatic damage (Pa)

Pj; = maximum pressure for hydrostatic damage (Pa)
P. = critical effective pressure (Pa)

PS*= maximum pressure-enhanced strain damage (Pa)
r = radial dimension (m)

§ = saturation parameter

t =time (s)

u = mass flux (kg/m?/s)

v= fluid velocity (m/s)

x = axial dimension (m)

Ax = grid spacing (m)

Greek Symbols

Br=fluid compressibility (Pa™)

g, = plastic strain

¢ = porosity

¢, = incipient porosity

¢;= undamaged incipient porosity

¢f= incipient porosity for low-strain-rate (quasi-static)
deformation

¢; = incipient porosity for high-strain-rate (dynamic)
deformation

®- = incipient porosity intercept

@, = reference incipient porosity

u = dynamic viscosity (Pa-s)

6 = angular dimension

p = fluid density (kg/m®)

0}, 03, 03 = priniciple stresses (Pa)

o,y = effective stress (Pa)

max

0, =maximum effective stress (Pa)

o, = tensile yield stress (Pa)

O, = tensile yield stress of undamaged rock (Pa)
v = trace of the deformation tensor



Fig. 2._ Log-permeability distribution after jet penetration
and prior to onset of post-perforation pressure surge in a
9-cm diameter, 19-cm long core. The color scale (blue-
yellow-red) represents increasing permeability

Fig. 1 _ Schematic of model domain. The model
assumes radial symmetry, so simulations are carried
out in the r-x plane.

Fig. 3 _ Evolution of permeability in perforation tunnel (left)
and pressure distribution (right) during post-perforation
transient surge from reservoir to well bore (left edge of
domain). Gray represents open perforation tunnel.

Fig. 4._ Mass flux around perforation tunnel at steady state for 750-psi
underbalance (bottom) and 3000-psi underbalance (top). The color scale
(red-yellow-blue) represents increasing mass flux
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